Culex tritaeniorhynchus rhabdovirus (CTRV) is a mosquito virus that establishes persistent infection without any obvious cell death. Therefore, occult infection by CTRV can be present in mosquito cell lines. In this study, it is shown that NIID-CTR cells, which were derived from Cx. tritaeniorhynchus, are persistently infected with a novel strain of CTRV. Complete genome sequencing of the infecting strain revealed that it is genetically similar but distinct from the previously isolated CTRV strain, excluding the possibility of contamination. These findings raise the importance of further CTRV studies, such as screening of CTRV in other mosquito cell lines.
Culex tritaeniorhynchus rhabdovirus, an RNA virus belonging to the order Mononegavirales, was isolated from the mosquito subspecies Cx. tritaeniorhynchus Giles (1) . CTRV is a unique RNA virus in that it establishes non-cytolytic persistent infection in the host cell nucleus. CTRV replicates in the host cell nucleus without any cytopathic effect, making it and another member of the order Mononegavirales (bornavirus) the only animal RNA viruses known to do so (1) (2) (3) . Thus, these unique viruses can provide interesting insights into interactions between RNA viruses and their hosts that cannot be obtained from other RNA viruses.
In contrast with cytolytic viruses, CTRV-infected cells do not show any evidence of infection, making it impossible to distinguish whether or not cells are infected with CTRV by optical microscopy (1) . Therefore, mosquito-derived cell lines can be potentially infected with CTRV or related viruses even though the cells do not show any cytopathic effect. Mosquitoderived cell lines have been widely used to investigate the biology of mosquitoes and arboviruses. However, occult infection with non-cytolytic viruses might affect the results of such studies because it could alter both host gene expression and the cellular microenvironment for viral replication. Although several cell lines have been established from Culex mosquitoes (e.g. [4, 5] ), so far none of them have been screened for CTRV infection. NIID-CTR cells have been established from the embryo of Cx. tritaeniorhynchus, the natural host of CTRV (6) . We therefore tested NIID-CTR cells for CTRV infection.
First, we performed RT-PCR to screen for CTRV nucleic acid. We extracted RNA from NIID-CTR cells then performed reverse transcription with random hexamers. We performed PCR with primers that were designed from the N gene of the CTRV strain TY (GenBank accession number AB604791) (primer sequences and PCR condition are available in the supporting information) and observed an amplicon of the expected size ( Fig. 1a ) that, upon sequencing, was almost identical to CTRV strain TY (data not shown) (1) . To test if any viral proteins were produced from the viral nucleic acids evidently present in these cells, we also carried out western blotting using rabbit anti-CTRV P antibodies. In addition to the positive control C6/36 cells transfected with a plasmid expressing CTRV P protein, we detected specific bands in NIID-CTR cells ( Fig. 1b ). Furthermore, we detected the CTRV genome in the nuclei of NIID-CTR cells by in situ hybridization ( Fig. 1c ). In addition, to assess whether or not NIID-CTR cells produce infectious progeny viruses, we inoculated supernatant of NIID-CTR cells into C6/36 cells. At six days after inoculation (after three passages), we isolated RNA from the cells and analyzed it by RT-PCR as described above. We observed a band of the expected size ( Fig. 1d ), indicating that NIID-CTR cells produce infectious virions. These results demonstrate that NIID-CTR cells are persistently infected with CTRV, which we designated as strain GHK after the surnames of the investigators.
After demonstrating that CTRV infects NIID-CTR cells, we considered possible sources of this infection. One trivial explanation is the possibility that the detected CTRV originated from laboratory contamination with the previously isolated strain TY. Therefore, we determined the complete genome sequence of strain GHK. In addition to conventional PCR and direct sequencing to identify the near-full length genome sequence, we also performed rapid amplification of cDNA ends as described by Li et al. (7) with slight modifications (supporting information) to determine the genome ends. By a combination of the above two strategies, we successfully determined the complete genome sequence of strain GHK (GenBank accession number: LC026102). The full genome and each open reading frame of strain GHK are identical in length to those of the strain TY. Overall, the nucleotide sequence identity between GHK and TY is 97.5% (10,913 of 11,190 nucleotides are identical). Comparison of each open reading frame between the strains GHK and TY revealed that each gene shares more than 97.0% identities on the amino acid level ( Table 1 ). Leader and trailer regions differ in four and one nucleotide(s), respectively (Table 1 ). These results indicate that the strain GHK is genetically similar but distinct from strain TY.
Because CTRV reportedly utilizes RNA splicing for the maturation of viral mRNAs encoding L gene (1), we analyzed the L gene sequence of strain GHK. The strain GHK also contains typical splicing signals consisting of GU-AG boundaries and a pyrimidine-rich tract, as previously shown for CTRV strain TY ( Fig. 2a ). In addition, the splicing event seems to be necessary for expressing the full length L protein because a premature stop codon is present in the putative intronic region (Fig. 2b) . To verify whether RNA splicing indeed occurs in strain GHK, we performed RT-PCR using primers overlapping the splice junction (primer sequences are available in supporting information). As expected if splicing occurs in strain GHK as for TY, we obtained two bands the sizes of which (166 and 86 nucleotides, measured by FusionCapt software, Vilber-Lourmat) are almost identical to the expected sizes of PCR products of spliced and unspliced mRNAs encoding L (Fig. 2c) . We cloned the fragments into pCRII-TOPO plasmid vector (Life Technologies, Carlsbad, CA, USA) and sequenced them, revealing that their nucleotide sequences are identical to spliced and unspliced mRNA sequences (data not shown). These data indicate that the strain GHK also utilizes the host splicing machineries to generate mature mRNA.
In this study, we found that the NIID-CTR cells are persistently infected with the novel CTRV strain GHK. Intriguingly, were also detected rhabdoviral sequences that are related to CTRV from Cx. pipiens (GenBank accession number JX276963 and JX276964). These observations suggest the existence of occult infections with CTRV or related rhabdoviruses in other mosquitoderived cell lines. Although it remains unclear whether or not CTRV infection affects the gene expression pattern of the host cells and/or the host immune systems (see below), it is recommended to screen mosquito-derived cell lines for CTRV to exclude possible effects of CTRV infection. In addition, we demonstrated that NIID-CTR cells produce infectious virions, suggesting that the cells are not suitable for preparation of virus stocks.
We found that the strain GHK is genetically distinct from the strain TY, excluding the possibility of crosscontamination. Because we did not use any mosquito extract for cell culture, it is likely that the cells were naturally infected with CTRV before the establishment of NIID-CTR cell line. Intriguingly, NIID-CTR cells were derived from embryos, suggesting that CTRV may be vertically transmitted from parental mosquitoes to their progeny. Indeed, we have confirmed vertical transmission of CTRV from an infected female mosquito to its offspring (Kuwata et al., pers. comm., 2015. These observations strongly suggest that vertical transmission is one of the infection routes of CTRV. Further, CTRV easily establishes persistent infection in C6/36 Aedes mosquito cells (1). In addition, interestingly, NIID-CTR cells are reportedly susceptible to other viruses (6, 8) even though they are persistently infected with CTRV. These observations suggest that CTRV may somehow circumvent and/or suppress the immune systems of the host cells. Mosquitoes have several defense mechanisms against viruses (9): for example, exo-small interfering RNA (10-15), PIWI-interacting RNA (14, 16, 17) , and innate immune responses such as the Toll (18) and Jak/ STAT pathways (19) . CTRV may not be sensed by pattern recognition receptors in mosquito cells, perhaps because its nuclear replication may make it possible to hide viral RNAs from these receptors. It is also possible that CTRV proteins suppress immune responses, as reported for other rhabdoviruses (20) (21) (22) (23) (24) (25) (26) (27) . Alternatively, NIID-CTR cells may lack some immune responses, as has been shown for C6/36 cells originated from Aedes albopictus (28) . Because the antiviral immune mechanisms of mosquitoes are important to understanding of the replication strategies of arboviruses, some of which threaten animals including humans, it is important to investigate the interaction between CTRV and the host immune systems.
The fact that splicing of the L gene is conserved between TY and GHK strains suggests that the splicing event has a significant role in viral replication. Bornaviruses exploit RNA splicing to express different proteins from one transcription unit, which allows a limited genome size (29) (30) (31) . In contrast, all CTRV genes are separately transcribed (1) . Therefore, RNA splicing in CTRV may not contribute to alternative splicing to express multiple proteins, although we cannot exclude the possibility that CTRV L is expressed in two isoforms. Further proteomic studies are needed to explore this possibility.
Given that splicing is not involved in expression of multiple proteins, what is the biological significance of the RNA splicing? As previously discussed, this splicing may enhance transcription of mRNA (1) . It is also possible that the intron region may be important for viral replication. Intronic delay is reportedly involved in regulation of gene expression (32) . Bornaviruses are known to require the proper ratio of viral proteins for their replication and transcription (33) . CTRV may also need to adjust the ratio of viral proteins to establish persistent infection in the nucleus, which may be accomplished by an intronic delay. Alternatively, the intron region may function as a small RNA. Because of the nuclear transcription of CTRV, viral transcripts can be processed by the host micro RNA machineries in the nuclei. However, RNA secondary structure prediction by CentroidFold (34) did not show a stem-loop structure in the intron region (data not shown). Thus, micro RNA may not be expressed from the intron. Further studies are needed to assess the above possibilities; these may be useful for understanding how CTRV has specialized for replication in the nucleus.
Taken together, our findings raise the importance of screening for CTRV infection in other mosquito cell lines as well as pursuing further studies towards understanding the fundamental biology of CTRV. These studies may provide novel insights into the replication strategy of RNA viruses and the biology of mosquitoes.
